Purpose. Burkholderia cenocepacia is among the most common members of the Burkholderia cepacia complex (Bcc) isolated from patients with cystic fibrosis (CF). The factors triggering the high rates of morbidity and mortality in CF patients are not well elucidated. In this study, we aim to highlight the genome diversity of two clinical isolates of B. cenocepacia through comparative genome analysis.
INTRODUCTION
Cystic fibrosis (CF) is a genetic disease characterized by secretory dysfunction that results in mucus accumulation in the lung airways, leading to airway obstruction [1] . This creates an ideal environment for the growth of opportunistic pathogens [2] . Burkholderia cenocepacia is a rod-shaped, Gram-negative, oxidase-positive, non-fermenting, saprophytic bacterium belonging to the Burkholderia cepacia complex (Bcc). It consists of at least 20 genetically distinct species [3, 4] . The Bcc can carry an intrinsic antibiotic resistance to ciprofloxacin, tobramycin and trimethoprim/ sulfamethoxazole, among others [3] , and often leads to high mortality rates in CF patients [5, 6] .
Although CF is the most common autosomal recessive disease in the Caucasian population, with a prevalence range from 1 in 2500 to 1 in 3600 [6] , the bacterial populations inhabiting the airways of CF patients and their effects on modulating disease outcome require deeper examination [6] . The incidence of CF in the Arab population is considered less than in Caucasians, ranging from 1 in 2560 to 1 in 15 876 [7] . The number of people affected by CF in Lebanon and other countries in the Middle East is not properly documented and many patients are misdiagnosed. Similarly, the pathogens colonizing the airways of CF patients in the region are under-studied [8] . Extracellular and cell surface polysaccharides, gene expression regulation, types III, IV and VI secretion systems, and metabolic and nutrient acquisition pathways are among the virulence factors (VFs) described in B. cenocepacia [9] . Additionally, several antimicrobial resistance mechanisms have been reported, such as enzymatic inactivation, modification of drug target, cell wall permeability, various efflux pumps and biofilm formation [9] .
The causes of unpredictable infection outcomes and B. cenocepacia pathobiology are not well elucidated, and limited studies exist on the adaptation of Bcc bacteria to chronic infection in patients with CF [10] . Few studies have covered temporal B. cenocepacia evolution in CF patients [10, 11] . Considerable genetic variations and within-host evolution through single-nucleotide polymorphisms (SNPs) and deletions were observed at different stages of the disease [12] . Moreover, the importance of horizontal gene transfer (HGT) and genomic islands (GIs) in the acquisition of virulence and shaping genomic diversity in B. cenocepacia has also been stressed [13] .
In this study, representing the first such report in the region, we aim to elucidate the repertoire of VFs, resistance genes and mobile genetic elements (MGEs) in two B. cenocepacia isolates collected from two patients with CF in Lebanon. Following the method developed by Guo et al. [14] for the accurate prediction of GIs, we jointly used the cumulative GC profile and the IslandViewer web tool methods. Whole genome-based SNPs (wgSNPs) and comparative genome analysis with publically available strains of the Bcc provided insights into the genome dynamics in relation to the phenotypic heterogeneity of B. cenocepacia and VFs associated with rapid clinical decline in CF patients.
METHODS

Sample collection
The first isolate, BC-BMEH, was recovered from the sputum culture of a 25-year-old Iraqi citizen admitted to the Middle East Institute of Health University Hospital, Lebanon, in November 2015. This CF patient, presenting with quadriplegia and tracheostomy, came to Lebanon for surgery 48 h after a motor vehicle accident in Iraq. His computed tomography scan revealed C3-C5 fractures with spinal compression. Neurosurgery was performed, and the patient was discharged and returned to Iraq. While at the ICU, his sputum culture performed on 09/11/2015 showed heavy growth of B. cepacia as identified by API (NE, Biomerieux, France).
The second isolate, BC-AUH, was collected from a CF patient admitted to the American University of Beirut (AUBMC) and identified by API (NE, Biomerieux, France), but patient' data were not recorded.
Antimicrobial testing
All antimicrobial testing was performed by the disk diffusion method on Mueller-Hinton agar by the flooding technique, and data were interpreted according to the Clinical and Laboratory Standards Institute (CLSI) guidelines [15] .
DNA isolation and genome sequencing DNA extraction was performed using the Nucleospin DNA extraction Kit (Macherey-Nagel, Germany) according to the manufacturer's instructions, and was quantified using a Qubit 2.0 Fluorometer (Invitrogen, Carlsbad, CA). Illumina sequencing libraries were prepared using a Nextera XT DNA library preparation kit with dual indexing (Illumina, San Diego, CA). The resulting library was sequenced on an Illumina MiSeq with 250 bpÂ2 read length.
Genome assembly and annotation
Genome assembly was performed de novo using Spades Genome Assembler Version 3.6.0. Quality control checks of raw sequence data were performed using FastQC version 1.0.0. The assembled genomes were annotated using the RAST server (http://rast.nmpdr.org) with the Glimmer default option for open reading frame (ORF) calling. The numbers of tRNAs and rRNAs were identified using ARA-GORN v1.2.36 [16] and the RNAmmer Prediction Server 1.2 [17] , respectively. The identity of both isolates was later confirmed as B. cenocepacia using SpeciesFinder 1.2 [18] . The Comprehensive Antibiotic Resistance Database was used to determine resistance genes [19] . The major VFs in Burkholderia spp. were compared among J2315, K56-2, BC-BMEH and BC-AUH using BLAST search against the genomes. The multilocus sequence type (MLST) was determined using the MLST 1.8 server [20] available at www. genomicepidemiology.org. The presence of plasmids was determined using PlasmidFinder 1.3 [21] . PHASTER was used to determine putative phage sequences in the two genomes [22] . Insertion sequences (ISs) were identified and annotated using IS-finder [23] .
The contigs were reordered and aligned according to J2315 using ProgressiveMauve, and chromosomes 1, 2 and 3 and the plasmid were identified and extracted based on the obtained alignment. To obtain reliable predictions of the GIs, two tools were used: the cumulative GC profile with the index describing homogeneity of GC content (h) <0.1 taken as the threshold for determining a potential GI with default parameters [24] ; and the IslandViewer web tool that employs three independent methods for island prediction: IslandPick, IslandPath-DIMOB and SIGI-HMM [25] . The criteria followed for filtering of GIs were that these have a consistent GC content appearing as a straight line in the cumulative GC profile, and that GIs are usually AT rich and exhibit a lower GC content than the remainder of the genome, thus appearing as ascending lines on the graph [26] . GIs also tend to carry transposases/integrases, have a high ratio of hypothetical (HHR) proteins and may contain tRNAs, VFs and mobile element proteins [14] .
Comparative genome analysis
For comparative analysis, the genomes of AUB and BMEH were compared to 43 publically available genomes. These included 38 B. cenocepacia genomes. Five other complete Bcc genomes were also included: Burkholderia vietnamiensis strain G4, an aromatic hydrocarbon degrading environmental isolate [27] ; Burkholderia contaminans strain MS14, isolated from soil [28] ; Burkholderia ambifaria strain AMMD, a biocontrol strain in plants [29] ; and Burkholderia pseudomultivorans and Burkholderia latens DWS 37E-2. Ralstonia solanacearum PSI07 [30] , a plant-pathogenic member of the Burkholderiaceae, was used as an outgroup to root the trees. Full sequence-based matrix chromosome comparison of the isolates was performed on Bionumerics (every sequence against all other sequences) with a minimum of six amino acid matches in a window size of 10.
A graphical circular map of BLAST hits comparison of the genome of J2315 to those of BC-AUH, BC-BMEH and K56-2 was generated using CGview Server V 1.0 [31] . The average nucleotide identity (ANI) was calculated using JSpecies [32] to illustrate the similarity between B. cenocepacia AUB and MEH and their closely related isolates.
wgSNP-based phylogenetic analysis
The genomes of AUB and BMEH were aligned with the data from 43 sequences against the J2315 reference genome using the Burrows-Wheeler Aligner (BWA). SNP-calling was done by mapping the paired-end reads of the genomes on BioNumerics v7.6.1 beta software (Applied Maths, St-Martens-Latem, Belgium). All insertions and deletions were excluded. A neighbour-joining (NJ) tree based on categorical values was drawn in BioNumerics using the wgSNP data as input. The tree was rooted using R. solanacearum strain PCI07 as an outgroup.
Nucleotide sequence accession number
This draft genome shotgun project has been deposited at DDBJ/EMBL/GenBank under MDWA00000000.1 for BC-BMEH and MDWB00000000.1 for BC-AUH.
RESULTS
Genomic properties and in silico multi-locus sequence typing Based on the alignment with J2315 using ProgressiveMauve, the three chromosomes and one plasmid were identified. In silico multi-locus sequence typing (MLST) based on the Bcc configuration covering atpD, gltB, gyrB, lepA, phaC, recA and trpB loci revealed that they both belonged to ST-602 (16-11-474-11-6-14-212), a double-locus variant of ST32 (CC31).
A comparison of the ANI of the two isolates with the B. cenocepacia J2315 reference genome revealed 98.1 % for BC-BMEH and 98.06 % for BC-AUH confirming that both isolates belonged to B. cenocepacia as the values were above the cut-off (94-96 %) used for species delineation [32] .
Antibiotic resistance
Antimicrobial testing by the disk diffusion method revealed that BC-BMEH was resistant to ticarcillin, imipenem, amikacin, gentamycin, tobramycin, ciprofloxacin and colistin. The isolate remained susceptible to meropenem, minocycline, piperacillin/tazobactam, ceftazidime, cefepime and sulfamethoxazole/trimethoprim (BACTRIM). The BC-AUH isolate was additionally resistant to sulfamethoxazole and ceftazidime though remained susceptible to meropenem, minocycline, piperacillin/tazobactam and cefepime.
A number of antibiotic resistance genes were detected using strict settings CARD (https://card.mcmaster.ca) and RAST (http://rast.nmpdr.org) in BC-AUH and BC-BMEH. Both isolates carried genes encoding resistance to aminoglycosides: spectinomycin (rrnB mutation-3003372), hygromycin B (rrsB mutation-3003539), kanamycin (16S rRNA mutation -3003436), neomycin (16S rRNA mutation) and gentamycin (16S rRNA mutation 
Genomic islands
GIs (>60 in total for each isolate) predicted by IslandViewer web tool [12] were compared to the cumulative GC profile [13] and filtered by eliminating false positives. Using this approach we identified 18 GIs in both BC-AUH and BC-BMEH occupying 9.3 and 6.1 % of the two genomes, respectively. By combining the two methods, 12, 4 and 2 GIs (Tables 1 and S1 , available in the online version of this article) versus 8, 8, and 2 GIs were predicted in chromosomes 1, 2 and 3 in BC-AUH and BC-BMEH, respectively (Tables 2 and  S2 ). Two GIs (375 907-397 496 on chromosome 1 and 514 468-546 175 on chromosome 2) were conserved between both isolates, but none when compared to J2315 or AU1054.
The homogeneity and AT rich content of GIs appearing as ascending straight lines in chromosome 1 in BC-AUH isolate are illustrated on the cumulative GC profile in Fig. 1 . The rest of the ascending regions were filtered through the combination of the GIs features, GC content and results of the IslandViewer.
Comparative analysis
Full sequence-based matrix chromosome comparison of BC-BMEH and BC-AUH showed a 76 % similarity between the isolates. 67 and 68 % similarity was obtained between BC-BMEH, BC-AUH and J2315, respectively. The comparison of the two genomes with J2315 revealed 89 and 85 genes unique to BC-BMEH and BC-AUH, respectively. Most of these genes encoded hypothetical proteins or were involved in amino acid metabolism and iron acquisition and uptake.
On the other hand, J2315 carried 209 genes not found in BC-BMEH and 204 genes not found in BC-AUH. The majority of the genes absent in both isolates also encoded hypothetical proteins. Circular genome comparison revealed areas of mismatches with varying G+C content related to MGEs (Fig. 2) .
Virulence factors
Virulence factors (VFs) in both isolates, and as inferred through a BLAST search against the genomes were compared to major VFs annotated in J2315 (Table 3) .
Genes encoding Types III, IV and VI secretion systems were identified, in addition to gene involved in ornibactin synthesis, LPS oligosaccharide synthesis, flagellum and pili.
Another important finding was the large number of genes (~60 genes) involved in iron uptake and acquisition such as: hemin ABC-transporter and hemin transport protein HmuS, TonB (Table 3) .
Comparison of the genetic environment of the genes acting in capsular biosynthesis between BC-AUH, BC-BMEH and K56-2 showed differences related to the presence and location of the ISs, specifically ISBcen17, ISBcen18 and ISBcen19. BC-AUH and BC-BMEH also carried an open reading frame (ORF) predicted to encode a hypothetical protein not present in K56-2 (Fig. 3) . A BLAST search of the sequence against the www.burkholderia.com database revealed that it was part of wcbA in J2315.
Coding sequences belonging to four major families of efflux systems associated with drug resistance were also identified in both BC-AUH and BC-BMEH: MFS (major facilitator superfamily), ABC (ATP binding cassette) family, RND (resistance nodulation division) family and the multidrug and toxin extrusion (MATE) family efflux pump. The gene products involved in each category were similar in both isolates and are summarized in Table 4 . Phylogenetic analysis wgSNPs based phylogenetic analysis was carried out using both isolates along with 43 publically available genome sequences from diverse geographical locations. SNPs in the core genomes were identified using B. cenocepacia J2315 as a reference strain.
A clear separation of isolates belonging to genomovars IIIA and IIIB was observed. Both genomovar IIIA and IIIB included isolates obtained from human and environmental samples. BC-BMEH and BC-AUH clustered together under genomovar IIIA and were most closely related to H111 (ST-220; CC3) isolated from Switzerland [33] . All isolates sharing the same STs and genomovar also clustered together ( Fig. 4 ; Table S3 ).
When comparing the wgSNPs based phylogenetic tree to the results obtained from full sequence-based chromosome comparison, the same clustering was observed, except for isolate KC-01 recovered from soil that clustered under genomovar IIIB based on wgSNPs while it was closer to B. vietnamiensis G4 in full sequence-based chromosome comparison (Data not shown). In total, 1823 intergenic SNPs were detected between BC-BMEH and BC-AUH.
DISCUSSION
Studying the virulence determinants in B. cenocepacia is crucial in elucidating the factors promoting the rapid clinical decline in CF patients [5, 9] , which could also help in finding potential targets for novel drugs [9] . Bcc bacteria are intrinsically resistant to a large number of antibiotics, including ciprofloxacin, tobramycin and trimethoprim/sulfamethoxazole, among others [5] . Strains J2315 (ST-28) and K56-2 (ST-30), which are clonally related as revealed by pulsed-field gel electrophoresis [34] and MLST (K56-2: ST-30 is a double-locus variant of J2315) are commonly used as reference strains [35] . Accordingly, we studied and compared the repertoire of VFs, resistance genes, and GIs in two clinical isolates recovered from Lebanon to that of J2315 and K56-2. No previous studies on genome associations in Bcc in Lebanon were so far performed. WgSNPs analysis with 43 publically available strains of the Bcc of various STs including J2315 and K56-2 was also presented in this report.
In silico MLST of BC-AUH and BC-BMEH revealed that they both belonged to ST-602, a double-locus variant of ST-32 (CC31), having different gyrB and trpB loci. Fifteen SNPs were detected in the gyrB locus, while only two SNPs were found in trpB. In light of the absence of previous epidemiological data on Bcc in the region, and the fact that both isolates had the same ST though isolated from two different hospitals, could suggest that ST-602 is prevalent. Previously, ST-602 genomovar IIIA was only reported in New Zealand (www.pubmlst.org) with very scarce data being available.
B. cenocepacia ST-32, referred to as the Czech strain, and ET-12 strain (ST-28), are the two clinically dominant strains being implicated in numerous globally distributed outbreaks among CF patients [36] . Although, both ST-28 and ST-32 are closely related under the B. cenocepacia IIIA lineage, they differ in three MLST alleles (atpD, gyrB and trpB) [3] . No epidemiological link has been previously found between the location and source of ST-32 isolates [3] . Thus, it is speculated that ST-32 reaches CF patients either through the environment or contaminated healthcare or domestic products [3, 37] . ST-28 and ST-32 also differ clinically in their adaptations to the conditions linked to chronic infections. ST-32 however, showed a more pronounced genome rearrangement and active transposition of ISBcen20 than ST-28 when exposed to reactive oxygen species [34] . Although ISBcen20 was not detected in BC-AUH and BC-BMEH, the effects of adaptation pressures on genome plasticity through ISs merits further studies as they could explain the difference in observed virulence between closely related strains; reduced virulence of ST-32 compared to ST-28 [3] .
The greater part of VFs identified in the two isolates are linked to adaptation and survival inside the host through the establishment of chronic infections, as opposed to the factors involved in potent acute infections [9] .
Several reports have shown that capsular polysaccharide (CPS) I is a key virulence determinant in B. pseudomallei and that loss of CPSI production results in severe attenuation of disease in animal models [38] . Differences in the genes encoding for capsule biosynthesis between BC- AUH, BC-BMEH and K56-2, attributed to ISBcen17 and ISBcen19. Both ISBcen17 and ISBcen19, were previously found located on GIs in J2315 inside regions of genomic plasticity [39] .
Members of the Bcc can synthesize four different siderophores (pyochelin, ornibactin, cepaciachelin, and cepabactin) for iron chelation and uptake [40] . The large number of factors involved in iron uptake identified in both BC-BMEH and BC-AUH are essential for their survival within the host where freely available iron is limited [41] . It has been previously demonstrated that the increase in siderophore secretion via RND efflux pumps, also detected in BC-AUH and BC-BMEH, is directly linked to a simultaneous increase in the level of antimicrobial resistance [3] . RND efflux transporters mediate resistance to chloramphenicol, trimethoprim, and ciprofloxacin [42] . BC-BMEH was intrinsically resistant to ciprofloxacin.
As opposed to J2315 encoding genes for all five major families of efflux systems [35] , BC-AUH and BC-BMEH did not carry genes linked to the SMR (small multidrug resistance) family or to the fusaric acid resistance family proteins. However, both BC-BMEH and BC-AUH were positive for the major facilitator superfamily (MFS), the ATP binding cassette (ABC), resistance nodulation division (RND) family, and MATE (multidrug and toxic compound extrusion), all of which were linked to drug resistance [43] .
Besides efflux pumps, various other mechanisms conferring antibiotic resistance were previously described in B. cenocepacia including: a b-lactamases and a trimethoprim resistant dihydrofolate reductase enzyme [35, 43] . BC-BMEH was resistant to aminoglycosides (amikacin, tobramycin and gentamycin), carboxypenicillin (ticarcillin), fluoroquinolones (ciprofloxacin) and carbapenems (imipenem and colistin). However, and despite the detection of Predicted trehalose permease, MFS family -multiple genes encoding resistance against tetracycline and trimethoprim, a direct effect on the phenotype was not evident. This was in harmony with previous studies demonstrating that antibiotic resistance gene deletions do not always show increased antimicrobial susceptibility in Burkhodleria [44] .
GIs have recently attracted a lot of attention in B. cenocepacia as they often carry VFs and favor adaptation to the host or environment through HGT [14] . IslandViewer predicts GIs in draft genomes using two different methods: IslandPath-DIMOB and SIGI-HMM. SIGI-HMM is based on sequence composition with a Hidden Markov Model approach, while IslandPath-DIMOB is based on GI features such as nucleotide bias and presence of genes related to MGEs [45] . It's noteworthy, that these two methods can provide fragmented results of regions acquired through HGT and imprecise boundaries [46] , especially in regions with high gene expression levels [47] . Therefore, combining more than one tool for predicting GIs can eliminate false positives and increase the precision of prediction. GIs usually exhibit specific criteria such as: having a distinct GC profile than the rest of the genome, being rich in transposases and integrases, being flanked by tRNAs, and sometimes having genes encoding VFs [14] . Moreover, recently, the combination of the cumulative GC profile [25] and the IslandViewer web tool [25] were successfully used to predict a total of 21 GIs in AU 1054 [14] . Based on this, we combined the two methods to filter out the large number of false positive GIs predicted by the IslandViewer. Accordingly, 18
GIs were identified, occupying 9.3 and 6.1 % of the two genomes respectively compared to 7.26 % of the genome occupied by GIs in AU 1054 [14] and 9.3 % in J2315 [35] . None of the GIs were conserved between AU 1054, HI2424 and J2315 [14] and none between BC-AUH, BC-BMEH, J2315 and AU1054, whereas two were conserved between BC-AUB and BC-BMEH. The conservation of these two GIs suggests positive evolutionary selection and their implication in the fitness of the organisms [48] . One of the GIs encoded mercury and chloramphenicol resistance, and lead, cadmium, zinc and mercury transport. Antibiotic-and metal-resistance systems that share structural and functional characteristics and are often present on the same resistance element [49] . It is worth noting that the roles and effects of ISs on GIs in B. cenocepacia are understudied and their effect on virulence and epidemiology could be of potential interest [5] .
The genome-based comprehensive analysis of the two B. cenocepacia isolates collected from patients with CF in Lebanon compared to 43 publically available genomes from various geographic origins separated BC-BMEH and BC-AUH under genomovar III-A often associated with high patient-to-patient spread and mortality rates [50] .
While useful for tracking Bcc epidemics, MLST does not provide enough resolution to explain the genetic diversity responsible for variations in the disease outcome [51] [52] [53] . That is especially true since sequential isolates over a seven year period obtained from one patient admitted to the Portuguese CF Center belonged to the same ST but nevertheless showed varying phenotypic characteristics [10, 54] . The two isolates were ST-602, a double-locus variant of ST-32 (CC31), and yet clustered distantly from ST-32 using wgSNPs based analysis. wgSNP analysis, and as previously reported, could be more reliable in inferring phylogenetic relatedness and evolution between isolates of similar STs [54] . wgSNPs based analysis proved to be accurate in separating related strains based on STs and genomovars as mutations accumulate during the adaptation stage inside the lungs [55] . Adaptive changes, revealed through SNPs, can also occur under host selection pressures modulating antibiotic resistance, cell wall and cell membrane composition, metabolism, and oxygen-sensing [56, 57] and thus implicating factors associated with the host and microbiota in determining the outcome of the disease in CF patients [58] . A thorough comprehension of the roles of VFs, GIs and accumulation of SNPs in B. cenocepacia infections in CF patients is critical for predicting the disease outcome and potential development of antimicrobial drugs [3] . The comparative analysis performed in this study, which is the first report from the region, showed that diversification within clones of near-identical isolates of B. cenocepacia is possible, necessitating large-scale sequencing to better catalog genetic variation.
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